ABSTRACT: This study aimed to determine if active feedback gait retraining to produce a medial weight transfer at the foot significantly reduces the knee adduction moment in subjects with medial compartment knee osteoarthritis. Secondarily, changes in peak knee flexion moment, frontal plane knee and ankle kinematics, and center of pressure were investigated. Ten individuals with medial compartment knee osteoarthritis (9 males; age: 65.3 AE 9.8 years; BMI: 27.8 AE 3.0 kg/m 2 ) were tested at self-selected normal and fast speeds in two conditions: Intervention, with an active feedback device attached to the shoe of their more affected leg, and control, with the device de-activated. Kinematics and kinetics were assessed using a motion capture system and force plate. The first peak, second peak, and impulse of the knee adduction moment were significantly reduced by 6.0%, 13.9%, and 9.2%, respectively, at normal speed, with reductions of 10.7% and 8.6% in first peak and impulse at fast speed, respectively, with the active feedback system, with no significant effect on the peak knee flexion moment. Significant reductions in peak varus knee angle and medialized center of pressure in the first half of stance were observed, with reductions in peak varus knee angle associated with reductions in the knee adduction moment. This study demonstrated that active feedback to produce a medial weight-bearing shift at the foot reduces the peaks and impulse of the knee adduction moment in patients with medial compartment knee osteoarthritis. Future research should determine the long-term effect of the active feedback intervention on joint loading, pain, and function. ß
Given the scope and magnitude of the chronic physical disability caused by osteoarthritis (OA), 1 and the high prevalence of OA of the knee, 2, 3 there is an unmet need for low cost and effective interventions for knee OA. Load-modifying interventions that address the medial compartment of the knee are of particular importance, as there is a 10-fold greater incidence 4 of medial compartment knee OA versus lateral compartment knee OA, believed to be due to the greater distribution of loading on the medial compartment of the knee. 5 While direct measurement of load on the medial knee compartment is not feasible, the observation that an external parameter measured during walking can be associated with load on the medial compartment has enabled the assessment of loadmodifying interventions for knee OA. Specifically, the greater distribution of loading on the medial compartment has been related to an increase in the external knee adduction moment (KAM). 6, 7 Thus, the KAM provides a measurable parameter that describes the internal medial/lateral distribution of loading at the knee.
The first peak of the KAM and KAM impulse (integration of KAM over stance time) have shown clinical relevance, being associated with the presence, 8 severity, 9 and rate of progression of medial compartment knee OA. [10] [11] [12] As a result, reducing the KAM offers an attractive target for interventions to potentially reduce medial compartment joint loading and slow the rate of progression and reduce painful symptoms of the disease. However, attempts to introduce non-surgical load-modifying interventions have been met with limited success. While most approaches to load-modifying interventions have reported a reduction in the KAM, [13] [14] [15] the general adoption of this type of intervention has been limited for a variety of reasons. For example, patient discomfort with braces 14 and lateral wedges 16 has led to poor compliance. Further, such interventions require continual use of specialized equipment for an effect to be seen.
Gait retraining, or modifying walking style, has also been shown to reduce the KAM using techniques such as increased ipsilateral trunk sway, 17 change in foot progression angle, [18] [19] [20] medial weight transfer at the foot, 21 change in walking speed, 22 and medial thrust gait wherein the knee is medialized during stance phase. 23, 24 It has also been shown that several combinations of modifications can be trained at once. 18 Visual or haptic feedback can also increase the ability of subjects to perform and internalize the modifications through training. 25 An overall perspective of both the physical and gait retraining approaches to load modification suggests that the more extreme the change introduced by the intervention the less likely the patient will sustain the change. Also, the load modification may induce changes in other factors, such as the knee flexion moment (KFM), that can have a substantial influence on the total load acting the knee. 26 Thus, there remains a need for an approach that provides sufficient changes to the KAM without causing unwanted changes to other load components such as the KFM. 27 One such approach is medial weight transfer at the foot, a simple, promising gait modification which has been shown to reduce the KAM immediately by 14.2% in healthy young subjects with use of an active feedback system incorporating vibration. 21 This work built upon a prior study which demonstrated that a medial shift in foot pressure caused by a lateral wedge was related to a reduction in the KAM. 28 A recent study investigating the relationship between changes in KAM and changes in foot center of pressure caused by medial thrust gait 23 has further suggested that medializing plantar pressure should be investigated with the aim of reducing the KAM in those with medial knee OA.
Thus the purpose of this study was to determine if active feedback gait retraining to produce a medial weight transfer at the foot will significantly reduce the KAM in subjects with symptoms of medial compartment knee OA. Specifically, we tested the following primary hypothesis: (i) Gait retraining to produce a medial weight-bearing shift via an active feedback system will reduce the KAM (first peak, second peak, and impulse) compared to untreated control. Secondarily, we also tested the following hypothesis: (ii) The peak KFM will not change relative to an untreated control in subjects using a medial weight-bearing shift via an active feedback system. We also sought to understand the effects of the active feedback gait retraining on frontal plane knee kinematics (peak varus knee angle during loading), ankle kinematics (peak ankle eversion in stance), and foot center of pressure (COP), including if changes in the KAM (first and second peaks) are associated with the changes in the frontal plane knee and ankle kinematics and foot COP.
METHODS
Study Design and Level of Evidence. Level 3, Cross-Sectional Study Design Subjects Ten individuals with symptoms of medial compartment knee OA and physician-diagnosed radiographic medial compartment knee OA (Kellgren-Lawrence grade !1) participated in this study after giving written consent in accordance with Institutional Review Board approval. Subjects were recruited from the orthopedic clinic or from the community after responding to an advertisement and were enrolled after meeting the inclusion/exclusion criteria. Inclusion criteria included: Persistent medial compartment knee joint pain, age between 18 and 80 years, full weight-bearing status, and ability to provide informed consent. Exclusion criteria included: Body mass index (BMI) >35 kg/m 2 , use of walking aid, nerve or muscle disease associated with walking difficulty, and foot neuropathy. An a priori sample size calculation was performed for comparing the KAM between conditions based on preliminary data for percent changes in first peak KAM with the gait modification from a cohort of healthy subjects. 21 Using an alpha level of 0.05, a power of 0.8, and a mean percent change of 14%, 10 subjects were needed to adequately power the study for changes in KAM.
Testing Procedure
The testing protocol involved testing subjects with their own low-top athletic sneakers in two conditions: Intervention and control.
Intervention. The subjects wore an active feedback device ( Fig. 1) attached to the shoe of their more affected leg, as determined by self-reported pain. The device, similar to the one used in a previous study of healthy subjects, 21 measured pressure under the lateral side of the heel (sensor placed in the shoe) and activated a vibration motor if the loading crossed a set threshold. The threshold was determined individually for each subject prior to intervention trial testing by adjusting the system so that the sensor was activated during normal walking resulting in vibration, but the subject was able to stop vibration by producing a medial shift at the foot during walking. The vibration motor was placed in contact with the skin at the foot/ankle, with the location of the vibration motor customized for each subject to achieve maximal sensitivity. Subjects were instructed to walk in a manner to keep the device from activating the vibration, by shifting weight medially at the foot. Prior to measurement with the active feedback device, subjects were given as much time as necessary to get used to the new gait condition. The incorporation of a light indicator allowed researchers to see if the subject was able to successfully stop vibration with the medial weight transfer at the foot.
Control. The subjects were tested with an inactive feedback system attached to the shoe of their more affected leg, to accommodate for any potential effect of wearing the system itself. Control trials were collected prior to intervention trial practice and collection.
Gait Analysis
Subjects performed five successful walking trials at selfselected normal and fast speeds in each of the two conditions, for a total of 20 trials per subject. For fast speed trials, subjects were instructed to walk at a self-selected pace that was faster than their self-selected normal pace. A fasterthan-normal speed was collected, in addition to subject's selfselected pace, for comparison to previous work in a healthy population, 21 as subjects with symptoms of medial compartment knee OA are known to walk at a slower pace than healthy subjects. 9, 29 Kinematic data were collected using a multi-camera motion capture system (Qualisys Medical, Gothenburg, SE) and the point cluster technique, which uses a redundant set of 21 reflective markers. 30 Ground reaction forces were collected using a multicomponent force plate embedded in the ground (Bertec Corporation, Columbus, OH). The systems were synchronized and recorded data at 120 Hz. A trial was considered successful if the foot of the test leg fully stepped on the force plate. Lower-limb kinematics and kinetics were calculated using the software application BioMove (Stanford University, Stanford, CA) as described briefly below. The position and orientation of the foot, shank, and thigh segments were calculated using clusters of reflective markers fixed to the participant. 30, 31 Anatomical landmarks were identified by palpation, and these landmarks were used to define the anatomical frame of the lower-limb segments following a previously described 2252 ERHART-HLEDIK ET AL. procedure 31 during a standing reference pose collected before the walking trials. Knee angles were calculated according to the joint coordinate system. 32 The peak varus knee angle during loading and peak ankle eversion angle in stance were extracted for analysis. Knee moments were calculated using an inverse dynamics approach 33 with the foot, lower leg, and thigh segments idealized as rigid bodies and their scaled inertial properties taken from the literature, 34 and were expressed as external moments relative to the tibial anatomical frame and normalized to percent bodyweight and height (Bw Ã Ht). The first and second peak KAMs were defined as the maximum moments during the first and second half of stance phase, respectively, and the KAM angular impulse was calculated as the time integral of the KAM curve during the entire stance phase. The peak KFM was defined as the maximum moment during the first half of stance phase. Average foot COP during the first (COP1) and second (COP2) halves of stance in the medial/lateral direction were calculated with respect to a reference line connecting the heel and 5th metatarsal foot markers, where a more positive value in COP indicates a more medial COP.
Data Analysis
All statistical analyses were completed in SPSS version 23.0 (SPSS Inc., Chicago, IL). Differences in the first peak KAM, second peak KAM, KAM impulse, peak KFM, peak varus knee angle during loading, peak ankle eversion angle, and COP between experimental conditions were analyzed using two-way repeated measures analysis of variance (ANOVA) with intervention and speed as between-test factors. Upon a significant result of the ANOVA, post hoc paired Student's t tests were used for analyses. Relationships between changes (intervention and control) in first and second peak KAM and changes in peak varus knee angle during loading, peak ankle eversion, and COP were assessed by the calculation of Pearson correlation coefficients. p Values <0.05 were considered significant.
RESULTS
The study participants included nine males and one female, with an average (AEstandard deviation) age of 65.3 AE 9.8 years and BMI of 27.8 AE 3.0 kg/m 2 . The participant's average self-reported daily medial knee pain on a 0-10 scale (0 indicating no pain and 10 worst pain) was 3.2 AE 3.6. Five participants had previously undergone medial meniscectomy surgery and all participants had radiographic medial compartment knee OA (Kellgren-Lawrence grade !1) in the study knee.
There was a significant effect of the intervention on the first peak KAM (p ¼ 0.001), second peak KAM (p ¼ 0.005), and KAM impulse (p ¼ 0.009), irrespective of walking speed. The first peak of the KAM was significantly reduced both at normal and fast walking speeds, with reductions of 6.0% (p ¼ 0.040) and 9.2% (p < 0.001), respectively, with the active feedback system as compared to control (Table 1 and Fig. 2 ). The second peak KAM was significantly reduced at normal walking speed, with a reduction of 13.9% (p < 0.001), with no significant reduction at fast speed (p ¼ 0.244) ( Table 1 and Fig. 2 ). The KAM impulse was also significantly reduced at both normal and fast walking speeds with the active feedback system as compared to control, with reductions of 10.7% (p ¼ 0.012) and 8.6% (p ¼ 0.026), respectively (Table 1) . There was no significant interaction effect of walking speed and intervention on either the first peak KAM (p ¼ 0.129) or KAM impulse (p ¼ 0.405), while a significant interaction effect was seen for the second peak KAM (p ¼ 0.024).
The magnitude of change in the KAM varied between individuals, where 60-100% of subjects had a reduced first peak KAM, second peak KAM, or KAM impulse with the active feedback intervention (Fig. 3) . Forty percent of subjects had a reduction in first peak KAM greater than 10% and 70% of subjects had a reduction in second peak KAM and KAM impulse greater than 10% at normal speed. While the majority of subjects had a reduction in first peak KAM, there was a small percentage of the study population (20% at normal speed) with an increase in loading with the active-feedback gait intervention. However, nearly all patients showed a reduction in the first peak KAM when asked to walk at a fast speed.
Importantly, the active feedback intervention did not have a significant effect on the peak KFM (p ¼ 0.805, Table 1 ) relative to control. The KFM was unchanged relative to control for both the normal and fast walking speeds (Table 1) . There was no difference in walking speed at either normal or fast speeds with active feedback intervention as compared to control (normal: p ¼ 0.183, fast: p ¼ 0.374, Table 1 ). Further, no significant increases in peak ankle eversion angle during stance with active feedback were observed (p ¼ 0.167, Table 1 ) relative to control at either normal or fast speeds. 
MEDIAL WEIGHT TRANSFER GAIT RETRAINING
There was a significant effect of the active feedback intervention on the peak varus knee angle during loading (p ¼ 0.030), irrespective of walking speed, with significant reductions in peak varus knee angle at both normal (p ¼ 0.046) and fast (p ¼ 0.039) walking speeds (Table 1) . There was also a significant effect of active feedback intervention on the foot COP in the first half of stance phase (p ¼ 0.005), irrespective of walking speed, with significant medialization of the COP in the first half of stance at both normal (p ¼ 0.011) and fast (p ¼ 0.006) walking speeds (Table 1) . Medialization in COP in the second half of Table 1) . Analysis of associations between changes in first peak KAM and second peak KAM and changes in knee and ankle kinematics and foot COP are presented in Table 2 . The reductions in varus knee angle during loading were associated with changes in first peak KAM and second peak KAM (Fig. 4) . Specifically, at normal speed, subjects with greater reductions in peak varus knee angle during loading had greater reductions in first peak KAM and second peak KAM (Table 2) . At fast speed, subjects with greater reductions in varus knee angle during loading had greater reductions in second peak KAM, with a trend towards an association between greater reduction in peak varus knee angle during loading and greater reduction in first peak KAM (Table 2) . No significant associations were observed between the change in COP in the first half of stance and change in first peak KAM, nor were any associations found between the change in COP in the second half of stance and change in second peak KAM. Further, no associations were observed between changes in ankle eversion angle and either the first or second peak KAM at normal or fast speeds (Table 2) .
DISCUSSION
The results of this study support the primary hypothesis and demonstrate that an active feedback gait retraining intervention to produce a subtle medial weight-bearing shift at the foot reduces the KAM (first peak, second peak, and KAM angular impulse) in subjects with symptoms of medial compartment knee Figure 3 . Individual subject percent changes (ordered from largest to smallest) in the first peak KAM (A and D), second peak KAM (B and E), and KAM impulse (C and F) at normal (top row) and fast (bottom row) speeds with active feedback gait retraining versus control. Table 2 . Associations between changes (intervention-control) in KAM (first peak and second peak) and changes (intervention-control) in peak varus knee angle during loading, peak ankle eversion angle in stance, and COP (first and second halves of stance). OA. The majority of patients were able to reduce the KAM. While these reductions were smaller than reported in healthy subjects, 21 where a mean reduction of 14.2% in first peak KAM was seen using the active feedback intervention, the symptomatic subjects in this study walked at a slower self-selected pace (mean speed of 1.30 m/s) than the healthy subjects (mean speed of 1.43 m/s). While there was not a statistically significant difference in magnitude of reduction of the first peak KAM between normal and fast speeds in this study (p ¼ 0.129), the results suggest that the amount of reduction in the KAM is likely partially dependent on walking speed since the reduction in first peak KAM in the current study at the faster-than-normal pace (mean speed of 1.5 m/s) was closer to the reduction seen previously in healthy subjects. Thus, assessing interventions of this nature should account for the walking speed of the target population.
Another important finding of this study was that the peak KFM was unchanged with this intervention. This is important as the KFM will influence the total force acting on the medial compartment of the knee. 5, 26 Specifically, the KFM acts to balance the flexor and extensor muscle force at the joint, and a change in the KFM can be interpreted to reflect a change in the muscle force. Given that the muscles contribute the major portion of the total force across the knee, a reduction in KAM associated with an intervention might not reflect a reduction in the load on the medial compartment if there is a change in the KFM. 26 The importance of the KFM in the context of knee OA is further supported by recent work where the peak KFM was associated with disease progression in knee OA. 11 Thus, any condition that causes a substantial change in the pattern of locomotion should be evaluated for an unanticipated response to other factors that influence joint loading such as the KFM.
While the majority of subjects had a reduction in KAM, there was a substantial range of change in the KAM peaks and KAM impulse among patients. Further, several subjects were non-responders to the intervention, and increased their KAM with the gait modification. Subject specific characteristics such as disease severity, lower limb alignment, neuromuscular control, muscle strength, age, and BMI may influence the ability of the active feedback intervention to affect joint loading in the patient population, and should be investigated in a larger study as the study design at this stage was not powered for such an analysis. Further, the sustainability of the gait retraining and tolerability for longer-term clinical implementation requires future consideration. Neurological literature showing reorganization of the motor cortex due to repetitive training 35, 36 suggests the potential for such a gait retraining intervention to have durable effects after a period of extended use. While the results are promising, and the gait modification was readily achieved, a longitudinal study would be required to determine the feasibility of the gait modification to improve joint loading in the long term as well as evaluate potential improvements in clinical outcomes such as pain and function. While no change in peak KFM was observed in this study, future larger studies will also ensure adequate statistical power for secondary outcomes such as changes in peak KFM.
The force threshold used for the gait modification intervention was set using an iterative manner, such that during normal walking the vibration was activated and each subject's threshold was set once they were able to turn off the vibration with a medial weight shift at the foot. Higher thresholds requiring greater subject modifications were not attempted once this threshold was reached. As real-time calculation of the reduction in KAM was not available with the current testing protocol, it was not possible to determine an "optimal" reduction in force producing an "optimal" reduction in KAM (i.e., to determine if requiring the subject to perform a more exaggerated modification would result in a greater reduction in KAM). Future work could consider using a more quantitative approach to setting the threshold to determine if greater reductions in KAM could be achieved with greater subject modifications.
The reductions in peak KAM and KAM impulse are of similar magnitude to other non-invasive gait modification interventions in subjects with symptoms of medial compartment knee OA, including changes in foot progression angle, 19, 20 medial thrust gait, 23 and ipsilateral trunk lean. 17 The reductions in KAM in the current study are not as large as those reported previously for gait modification with haptic feedback in a healthy population at a single testing session, 37 which reached reductions of greater than 30% through subject-specific alterations in multiple gait parameters. However, the applicability of such a multiparameter modification to the knee OA population is unclear, as they may not have the necessary endurance or learning abilities as a young, healthy population. Further, although the reductions observed in this study were not as large as reductions seen following surgical interventions such as high tibial osteotomy, 38 the intervention used in the current study is noninvasive, and due to the continued feedback has the potential for a sustained effect with continued use, repetitive practice, and internalization of the new movement pattern. 35, 36 In addition, since there was no significant increase in peak KFM with the active feedback intervention in this study, the results of this study suggest that the reductions observed in KAM reflect reductions in medial compartment joint loading, and therefore may have the potential to affect clinical outcomes such as pain and function with sustained use.
The kinematic analyses aid in understanding the mechanism for the reduction in the KAM produced by a medial weight-bearing shift at the foot. Specifically, there was significant medialization in foot COP in the first half of stance phase and a significant reduction in peak varus knee angle during the loading phase of stance. A medial shift in COP is somewhat counterintuitive, when considering the effect independently. If all other variables remained constant, one would expect a medial shift in COP would result in an increase in the moment arm of the ground reaction force about the knee center. However, as also described, the intervention resulted in a significant reduction in peak varus knee angle, which would tend to reduce the lever arm. While no significant associations were found between medialization in foot COP and changes in KAM, significant associations between reductions in peak varus knee angle were observed with reductions in KAM peaks. As the KAM is the product of the ground reaction force and the moment arm of the ground reaction force in the frontal plane, the reduction of the varus knee angle due to the gait modification likely resulted in a reduction of the frontal plane moment arm, 39 leading to significant reductions in KAM. No significant effect of the intervention was seen in this study on frontal plane ankle kinematics, which may be a positive finding and should be confirmed in a larger future study, as increased eversion angles may increase stresses on the medial ankle and arch, which could lead to discomfort with longer-term use.
In conclusion, this study demonstrated that active feedback (vibration) can modify gait to produce a medial weight-bearing shift at the foot that reduces the KAM peaks and KAM impulse in patients with medial compartment knee OA. In particular, the simple feedback used in this study has the advantage that it could potentially be utilized in a clinical or home setting, as it does not require specialized equipment such as a motion capture system. The results suggest that a substantial portion of the change in KAM could be explained by a reduction in the frontal plane varus knee angle. It is also important to note that the reductions in KAM were achieved without an increase in peak KFM. Such a gait modification may be a simple intervention for medial compartment knee OA, and future research is needed to determine the long-term effect of the active feedback intervention on joint loading as well as clinical outcomes of pain and function.
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